SOX2 is a dose-dependent master stem cell protein that controls the self-renewal and pluripotency or multipotency of embryonic stem (ES) cells and many adult stem cells. We have previously found that SOX2 protein is monomethylated at lysine residues 42 and 117 by SET7 methyltransferase to promote SOX2 proteolysis, whereas LSD1 and PHF20L1 act on both methylated Lys-42 and Lys-117 to prevent SOX2 proteolysis. However, the mechanism by which the methylated SOX2 protein is degraded remains unclear. Here, we report that L3MBTL3, a protein with the malignant-brain-tumor (MBT) methylation-binding domain, is required for SOX2 proteolysis. Our studies showed that L3MBTL3 preferentially binds to the methylated Lys-42 in SOX2, although mutation of Lys-117 also partially reduces the interaction between SOX2 and L3MBTL3. The direct binding of L3MBTL3 to the methylated SOX2 protein leads to the recruitment of the CRL4 DCAF5 ubiquitin E3 ligase to target SOX2 protein for ubiquitin-dependent proteolysis. Whereas loss of either LSD1 or PHF20L1 destabilizes SOX2 protein and impairs the self-renewal and pluripotency of mouse ES cells, knockdown of L3MBTL3 or DCAF5 is sufficient to restore the protein levels of SOX2 and rescue the defects of mouse ES cells caused by LSD1 or PHF20L1 deficiency. We also found that retinoic acid-induced differentiation of mouse ES cells is accompanied by the enhanced degradation of the methylated SOX2 protein at both Lys-42 and Lys-117. Our studies provide novel insights into the mechanism by which the methylation-dependent degradation of SOX2 protein is controlled by the L3MBTL3-CRL4 DCAF5 ubiquitin ligase complex.
The SRY-box2 protein, SOX2, is a master transcriptional factor that regulates the self-renewal and pluripotency or multipotency of ES cells 2 and many adult stem cells, including neural stem cells (1) (2) (3) (4) (5) . It is also one of the key factors to convert somatic cells to the induced pluripotent stem cells (5) . SOX2 is a dose-dependent transcription factor that regulates the selfrenewal and differentiation of ES cells and other stem cells in development (6) . Even at the four-cell embryonic stage, heterogeneous binding of SOX2 to target genes defines the first cell fate decision (7) . In ES cells, SOX2 activates its own transcription, as well as that of OCT4 and NANOG, to form a feedforward core stem cell transcriptional circuitry for self-renewal and pluripotency of ES cells (8) . An increase of SOX2 by 2-fold or less promotes development into ectoderm and mesoderm lineages, whereas loss or reduction of SOX2 induces differentiation into endoderm and trophectoderm lineages (9 -13) . In fetal development, SOX2 expression is also required for the formation of fetal endodermal and ectodermal tissues, such as the nervous system, lens epithelium, and anterior foregut endoderm (1, 14) . SOX2 is also critical in progenitor cells of many adult tissues, including brain, retina, trachea, and the epithelium of the cervix, tongue, and testes, allowing for tissue regeneration and repair (14) . Lysine methylation is a major protein modification, and extensive investigation of histone modifications has revealed that site-specific lysine methylation is a key mechanism that regulates chromatin structure and gene expression (15) . Emerging evidence indicates that many nonhistone proteins, such as SOX2, p53, DNMT1, E2F1, ER␣, NF-B/RelA, SMAD7, FOX3A, RB, GLI3, LIN28A, and STAT3, are monomethylated on specific lysine residues by methyltransferase SET7 (SETD7, KMT7, SET7/9, or SET9) (16 -25) . A novel function of these methylation events in a group of proteins, such as SOX2, DNMT1, E2F1, NF-B/RelA, SMAD7, FOX3A, and STAT3, by SET7 is to trigger the ubiquitin-dependent proteolysis of the methylated proteins (16 -18, 22, 23, 25) . We have recently found that SOX2 protein is quite unusual because it contains two lysine residues, Lys-42 and Lys-117, that are monomethylated by SET7 (25) . Methylation of either Lys-42 or Lys-117 is sufficient to trigger the ubiquitin-dependent degradation of SOX2 (25) . The methylation-dependent SOX2 degradation is dynamically regulated by a demethylase, LSD1 (KMD1A), that is capable of removing the methyl group from both methylated Lys-42 and Lys-117 to stabilize SOX2 protein (25) . The meth-ylated Lys-42 and Lys-117 in SOX2 are further protected by the binding of PHF20L1 (25) , an MBT-Tudor domain-containing protein encoded by a putative oncogene that is amplified or overexpressed in aggressive breast cancers (26, 27) , to prevent SOX2 degradation. The methylation of Lys-117 by SET7 is prevented by the AKT-dependent phosphorylation on threonine 116 (17) . However, it remains unclear how the methylated SOX2 protein is targeted for proteolysis. We report here the identification of a methyl-binding protein that preferentially recognizes the methylated SOX2 to recruit specific ubiquitin E3 ligase complexes to target the methylated SOX2 protein for ubiquitin-dependent proteolysis. We found that this mechanism plays an important role in maintaining the self-renewal and pluripotency of mouse ES cells.
Results

Identification of SOX2-associated proteins
Our recent studies found that human SOX2 protein is methylated at both Lys-42 and Lys-117 by SET7 (Fig. 1A) , and methylation of either Lys-42 or Lys-117 triggers SOX2 proteolysis in human teratocarcinoma PA-1 cells and mouse ES cells (25) . A previous study has reported that the stability of the Lys-119 -methylated murine SOX2 protein (human Lys-117 equivalent; Figure 1 . Identification of SOX2-associated proteins. A, the conserved lysine residues (K*) methylated by SET7 in a methylation motif with the (R/K)(S/T)K* consensus sequences in histone H3, SOX2, DNMT1, and p53. B, isolated SOX2 protein complexes contain L3MBTL3, PHF20L1, DDB1, and DCAF5 proteins (see Table 1 for additional information). The triple FLAG-and triple HA-SOX2 protein was stably expressed in PA-1 cells, and the 3XFLAG-3XHA-SOX2 protein complexes were isolated from PA-1 cells by sequential anti-FLAG and anti-HA antibody affinity resins. The proteins associated with the isolated SOX2 complexes were separated in protein gel, excised, and trypsinized, and derivative peptides were fractionated by nanoliter LC and identified by MS. The positions of some proteins associated with the SOX2 complex are shown. The observed proteins are labeled according to the molecular weight markers/standard (M.W.M). C, endogenous L3MBTL3 interacts with SOX2. L3MBTL3 and SOX2 were immunoprecipitated (IP) from mouse ES cells and detected by Western blotting analyses as indicated. D, endogenous SFMBT1 interacts with L3MBTL3. SOX2, L3MBTL3, and SFMBT1 were immunoprecipitated from mouse ES cells, and their interactions were examined by Western blotting analyses as indicated. E, CoREST interacts with SOX2. CoREST and SOX2 were immunoprecipitated from mouse ES cells, and their interaction was examined by Western blotting analyses. F, endogenous CUL4A and CUL4B interact with SOX2. SOX2, CUL4A, and CUL4B were immunoprecipitated from mouse ES cells, and their interactions were determined by Western blotting analyses as indicated. G, endogenous DDB1 interacts with SOX2. DDB1 and SOX2 were immunoprecipitated from mouse ES cells, and their interactions were analyzed by Western blotting analyses as indicated. H, SOX2 and DCAF5 were immunoprecipitated from mouse ES cells, and their interaction was examined by Western blotting analyses as indicated.
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Fig . 1A ) is regulated by the WWP2 ubiquitin E3 ligase (Fig. 1A ) (17) . However, the Lys-42 methylation motif, 40 RVK 42 , in SOX2 appears quite different from the methylated Lys-117 motif, 115 KTK 117 , in SOX2, because it contains an arginine (Arg-40) and a valine (Val-41) preceding the methylated Lys-42, which corresponds to a lysine (Lys-115) and a threonine (Lys-116) in the Lys-117 methylation motif of SOX2 (Fig. 1A) (17, 25) . In addition, Val-41 in the Lys-42 methylation motif is also unusual because a serine or threonine is usually present at this position in the highly conserved consensus methylation motif, (R/K)(S/ T)K, in other SET7 substrate proteins such as that of lysine 4 (H3-K4) in histone H3, lysine 142 (K142) in DNMT1, and lysine 372 (K372) in p53 (Fig. 1A) (18, 22, 23) . It also remains unclear whether regions outside the Lys-42 or Lys-117 methylation motifs, which are quite different between these two methylation degron regions, are also required for the degradation of the methylated SOX2 protein (Fig. 1A) .
To determine the mechanism by which the Lys-42-methylated SOX2 protein is targeted for degradation, we tried to isolate the SOX2 protein complexes and used the MS-based analysis to interrogate SOX2-associated proteins (28) . A triple FLAG tag and a triple HA tag (3XFLAG-3XHA) was fused to the N terminus of the human SOX2 protein, and this tagged SOX2 protein was stably expressed in human teratocarcinoma PA-1 cells that also express endogenous SOX2 (25) . The 3XFLAG-3XHA-SOX2 protein complexes were isolated by sequential anti-FLAG and anti-HA antibody affinity chromatography (Fig. 1B) (28) . The SOX2-associated proteins were identified by an Obitrap XL MS system coupled with an Easy nanoliter LC (29) .
Using this approach, we have identified many peptides derived from SOX2 protein (Fig. 1B and Table 1 ). Our MS analyses of the SOX2 protein complexes also revealed the presence of peptides derived from PHF20L1 (Fig. 1B and Table 1 ), a protein that we have shown to bind to the methylated SOX2 and protect SOX2 protein from the methylation-dependent proteolysis (25) . We also identified a putative methyl-binding protein (Fig. 1B and Table 1 ), L3MBTL3, which contains the three tandem-repeated malignant-brain-tumor (MBT) domain that is capable of binding to mono-or dimethylated lysine residues in histones (30, 31) . L3MBTL3 is mutated in medulloblastoma and is further implicated in other pathological disorders, such as multiple sclerosis, insulin resistance, prostate cancer, and breast cancer (30, (32) (33) (34) (35) . Mouse null mutation of L3MBTL3 causes late embryonic lethality (36) . Our recent studies revealed that L3MBTL3 is critical in regulating the protein stability of DNMT1 when it is methylated by SET7 (29) . L3MBTL3 is thus a good candidate for the methylated SOX2 proteolysis, although there are substantial differences between the Lys-42 methylation motif and the surrounding region in SOX2 and that of the methylated Lys-142 in DNMT1 (Fig. 1A) (25, 29) . To verify the interaction, we tested whether endogenous L3MBTL3 protein interacts with SOX2 by using independent immunocoprecipitation and Western blotting analyses. Our analyses confirmed that the endogenous L3MBTL3 protein associated with SOX2 in mouse ES cells (Fig. 1, C and D) .
L3MBTL3 was previously isolated as an accessory component of polycomb repressive complex 1 (PRC1), which also contains LSD1, CoREST, and SFMBT1 (37, 38) . Our examination indicatesthatCoREST,aproteinthatisrequiredforLSD1demeth-ylation of the mono-and dimethylated lysine 4 in histone H3 (H3-K4 in Fig. 1A) , also binds to SOX2 (Fig. 1E ). This is consistent with our previous studies indicating that LSD1 also binds to SOX2 to remove the methyl group from the monomethylated Lys-42 and Lys-117 in human SOX2 protein and that loss of CoREST reduced the SOX2 protein levels, similar to that of LSD1 knockdown (25, 39) . These studies suggest that LSD1 and CoREST may act together to demethylate SOX2. However, whereas our examination found that SFMBT1 interacts with L3MBTL3, we could not detect significant interaction between endogenous SOX2 and SFMBT1 proteins (Fig. 1D) .
Our analysis also revealed the presence of peptides from DDB1 and DCAF5, components of the CRL4 DCAF5 ubiquitin E3 ligase complexes (Fig. 1B and Table 1 ) (29) . Our independent immunoprecipitation and Western blotting analyses in mouse ES cells confirmed that the components of the CRL4 DCAF5 , such as CUL4A or CUL4B, DDB1, and DCAF5, are associated with endogenous SOX2 protein ( Fig. 1 (F-H) and Fig. S1A ).
L3MBTL3 is involved in regulating the protein stability of SOX2 in a methylated lysine-dependent manner
To determine whether L3MBTL3 regulates SOX2 at the protein level, we examined the effects of its inactivation on the FLAG-SOX2 protein that is stably and ectopically expressed under the retroviral LTR promoter control in PA-1 cells (Fig. 2 ) (25) . We initially tested the effect of UNC1215, a reported chemical inhibitor of L3MBTL3, on SOX2 protein stability in PA-1 cells at low concentration (Ͻ1 M), although high concentrations (about 20 M) of this compound were shown to inhibit other methyl-binding proteins, such as PHF20L1 (27, 40 -42) . Whereas loss of LSD1, a demethylase that removes the methyl groups from the methylated SOX2 protein (25), destabilizes both endogenous and ectopically expressed SOX2 pro- The 3XFLAG-3XHA-tagged Sox2 protein complex was purified by anti-FLAG antibody affinity chromatography from PA-1 cells by anti-FLAG affinity chromatography, eluted with 3XFLAG peptide, and repurified with anti-HA affinity chromatography. The proteins in the 3XFLAG-3XHA-tagged Sox2 protein complexes were fractionated in protein SDS gel. Protein bands were excised, trypsinized, and fractionated on nanoliter liquid chromatography. The peptides were identified by mass spectrometry analyses in an Orbitrap XL mass spectrometry system with the Protein Discovery software. Three independent mass spectrometry analyses were performed for the identity of a specific peptide/protein in repeated purification samples. Only one preparation sample is shown. teins in PA-1 cells, treatment of LSD1-deficient PA-1 cells with 1 M UNC1215 restored the levels of both endogenous and ectopically expressed SOX2 proteins ( Fig. 2A ). These observations suggest that L3MBTL3 might regulate SOX2 protein stability.
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We used the FLAG-tagged SOX2 protein to further verify whether L3MBTL3 is involved in SOX2 protein regulation. Whereas knockdown of LSD1 by specific siRNAs in PA-1 cells destabilized both FLAG-SOX2 and endogenous SOX2 proteins, we found that co-knockdown of L3MBTL3 by two independent siRNAs led to the stabilization of both FLAG-tagged and endogenous SOX2 proteins in LSD1-deficient PA-1 cells (Fig. 2B) . We have previously shown that loss of PHF20L1, a protein that binds to the methylated SOX2 protein to prevent its proteolysis, also destabilized the methylated SOX2 protein ( Fig. 2C) (25) . Our studies indicate that loss of L3MBTL3 can stabilize both the destabilized endogenous and ectopically expressed SOX2 proteins in PHF20L1-deficient PA-1 cells (Fig.  2C ). These results indicate that L3MBTL3 is involved in regulating the protein stability of FLAG-SOX2, which is sensitive to the loss of both LSD1 and PHF20L1.
Our previous studies revealed that SOX2 is methylated at both Lys-42 and Lys-117 by SET7, and the methylation at either Lys-42 or Lys-117 is sufficient to induce SOX2 protein degradation (25) . We tested whether L3MBTL3 regulates the SOX2 protein through the methylated Lys-42, Lys-117, or both. Because SET7 cannot methylate arginine residues, we converted either Lys-42 or Lys-117 to arginine (K42R or K117R) in SOX2 to determine whether L3MBTL3 acts through the methylated Lys-42 or Lys-117 in SOX2 (25) . The FLAG-SOX2 WT A, PA-1 cells stably expressing FLAG-SOX2 under the retroviral LTR promoter control (pMSCV-puro) were transfected with 50 nM luciferase (control) and LSD1 siRNAs for 48 h. The cells were then treated with 1 M UNC1215 for 10 h, and FLAG-tagged and endogenous SOX2 proteins were analyzed by Western blotting. B, L3MBTL3 regulates the protein stability of SOX2. PA-1 cells stably expressing FLAG-SOX2 were transfected with 50 nM luciferase (control) siRNA, LSD1 siRNA, LSD1 plus two independent L3MBTL3 siRNAs, and two independent L3MBTL3 siRNAs for 48 h. The FLAG-SOX2 and endogenous SOX2 proteins, LSD1, L3MBTL3, and actin (loading control) were analyzed by Western blotting. C, loss of L3MBTL3 stabilizes SOX2 protein in PHF20L1-deficient cells. PA-1 cells stably expressing FLAG-SOX2 were transfected with 50 nM luciferase (control), PHF20L1, PHF20L1 ϩ L3MBTL3, and L3MBTL3 siRNAs for 48 h. The FLAG-SOX2 and endogenous SOX2 proteins and the indicated proteins were analyzed by Western blotting. D, analysis of K42R and K117R SOX2 mutants. PA-1 cells stably expressing the FLAG-SOX2 WT and the K42R and K117R mutants were transfected with 50 nM luciferase (control), LSD1, L3MBTL3 ϩ LSD1, and L3MBTL3 siRNAs for 48 h. The FLAG-SOX2, K42R and K117R mutants, endogenous SOX2, and indicated proteins were analyzed by Western blotting.
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and K42R or K117R mutant constructs were ectopically expressed in PA-1 cells as FLAG-tagged protein ( Fig. 2D) (25) . Although we often observed that loss of L3MBTL3 can fully rescue the reduced levels of FLAG-SOX2 protein in these experiments (Fig. 2 , A-C), we also found in some experiments that knockdown of L3MBTL3 caused partial rescue of downregulated FLAG-SOX2 protein in LSD1-deficient cells (Fig. 2D , left). For the mutant SOX2 proteins, we have repeatedly found that knockdown of L3MBTL3 usually stabilized the K117R SOX2 mutant in LSD1 knockdown cells (Fig. 2D ), whereas loss of L3MBTL3 either completely lacked the ability to rescue or only partially restored the destabilized K42R protein levels in LSD1-deficient cells (Fig. 2D , middle and right; also see Fig.  S1B ). Because the K117R mutant of SOX2 still contains an intact Lys-42 residue, whereas K42R has an intact Lys-117 for the methylation-dependent degradation of SOX2 protein (25) , these studies suggest that loss of L3MBTL3 preferentially affects the protein stability of the Lys-42-methylated SOX2 protein, but L3MBTL3 deficiency has lesser effects on the Lys-117-methylated SOX2 protein in LSD1-deficient PA-1 cells. Because previous studies showed that the methylation of Lys-117 by SET7 is prevented if Thr-116 of SOX2 is phosphorylated by AKT and because the methylated Lys-117 in SOX2 is also reported to be targeted by ubiquitin E3 ligases such as WWP2 for SOX2 degradation (17), the variable rescuing effects of L3MBTL3 knockdown on SOX2 WT and Lys-42 mutant proteins may be in part affected by the levels of AKT and WWP2 activities in different experiments for the Lys-117-methylated SOX2 protein.
L3MBTL3 regulates the protein levels of SOX2 in mouse ES cells
Because L3MBTL3 binds to SOX2 protein in mouse ES cells (Fig. 1, C and D) , we further examined whether L3MBTL3 regulates the protein levels of endogenous SOX2 in mouse ES cells. We found that knockdown of L3MBTL3 by the specific siRNA alone often caused detectable increased levels of SOX2 protein in moue ES cells (Fig. 3B) . Whereas the siRNA-mediated LSD1 knockdown reduced the level of SOX2 protein, co-knockdown of L3MBTL3 and LSD1 using the specific siRNAs restored the level of endogenous SOX2 protein in LSD1-deficient mouse ES cells (Fig. 3B) , consistent with our observation in PA-1 cells (Fig. 2) . Our studies also revealed that the reduced level of endogenous SOX2 protein in PHF20L1 knockdown mouse ES cells was also recovered by co-knockdown of L3MBTL3 and PHF20L1 by specific siRNAs (Fig. 3B) . These studies indicate that L3MBTL3 regulates the SOX2 protein level in mouse ES cells.
In mouse ES cells, loss of LSD1 or PHF20L1 not only reduced the SOX2 protein level, but also blocked the self-renewal of mouse ES cells and impaired their pluripotency, with cells assuming a flat morphology that is usually associated with differentiation (Fig. 3A) (25) . Whereas pluripotent mouse ES cells 
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are positively stained by alkaline phosphatase (AP), a well-established pluripotent stem cell marker, knockdown of LSD1 led to the loss of AP-positive ES colonies due to the induction of cellular differentiation (Fig. 3C) (17, 43) . However, co-knockdown of L3MBTL3 and LSD1 or PHF20L1 with specific siRNAs not only restored the SOX2 protein level, but also reestablished the self-renewal and AP-positive staining of pluripotent mouse ES cells in LSD1-or PHF20L1-deficient mouse ES cells (Fig. 3,  A-C) , indicating that the stabilization of SOX2 protein after loss of L3MBTL3 is sufficient to prevent the differentiation of LSD1-or PHF20L1-deficient mouse ES cells. These observations also suggest that the SOX2 protein is the main target of LSD1 and PHF20L1 in mouse ES cells.
L3MBTL3 preferentially binds to the methylated Lys-42 in SOX2
L3MBTL3 contains an MBT domain that contains three MBT tandem repeats (3MBT) at its N-terminal half that can bind to the mono-and dimethylated lysine residues (29, 31, 41) . To further determine whether the 3MBT region of L3MBTL3 can directly and preferentially recognize the methylated Lys-42 or Lys-117 in SOX2, we tested the affinity of the recombinant GST-L3MBTL3-3MBT fusion protein, which contains the glutathione S-transferase (GST) fused to the three tandem-repeated MBT region of L3MBTL3, toward pairs of synthetic SOX2 peptides that contain either the monomethylated Lys-42 or monomethylated Lys-117 and their cognate un-methylated control peptides in vitro (Fig. 4A) (25, 27) . The recombinant GST-L3MBTL3-3MBT protein, purified from bacteria, were incubated with these peptides, which were immobilized by covalent disulfide linkage to Sulfolink-Sepharose resins through cysteine residues at the end of each peptide (25) . Our studies repeatedly revealed that the recombinant GST-L3MBTL3-3MBT protein preferentially binds to the monomethylated Lys-42 peptide resins, as compared with the unmethylated cognate peptide (Fig. 4, B and C) . However, GST-L3MBTL3-3MBT did not appear to have a significant preference for the monomethylated Lys-117 peptide and its cognate unmethylated peptide under our assay conditions (Fig. 4, A and B) . We also repeatedly found that incubation of the methylated and unmethylated Lys-42 peptide resins with PA-1 cell lysates detected the preferential binding of endogenous L3MBTL3 to the methylated Lys-42 peptide (Fig. 4D and Fig. S1B ), as compared with that of unmethylated Lys-42 cognate peptide. These studies indicate that L3MBTL3 directly binds to the monomethylated Lys-42 in SOX2.
L3MBTL3 binding to SOX2 is abolished by K42R mutation but only partially reduced by K117R mutation in vivo
We have previously developed specific peptide antibodies against the monomethylated Lys-42 or monomethylated Lys-117 in SOX2 (25) . Our studies revealed that knockdown of L3MBTL3 led to the accumulation of the methylated Lys-42 in SOX2, but the level of methylated Lys-117 SOX2 protein was not significantly affected (Fig. 4E) . The specificity of the affinity-purified anti-monomethylated Lys-42 antibody was confirmed by the down-regulation of total SOX2 and the methylated Lys-42 SOX2 protein by treatment of specific SOX2 siRNA in PA-1 cells (Fig. 4F) .
To further characterize the interaction between L3MBTL3 and SOX2, we also examined L3MBTL3 binding to the transfected GFP fusion of WT SOX2, K42R, and K117R mutant proteins in 293 cells (Fig. 4G) . Our studies repeatedly indicate that whereas GFP-SOX2 can bind to L3MBTL3, the K42R mutant abolished the interaction between SOX2 and L3MBTL3 ( Fig.  4G and Fig. S1C ). Our experiments, however, also repeatedly revealed that the binding of L3MBTL3 to SOX2 was slightly reduced by the K117R mutation (Fig. 4G and Fig. S1C ). Our studies thus indicate that L3MBTL3 preferentially recognizes and directly binds to the monomethylated Lys-42 in SOX2 using the purified L3MBTL3-3MBT protein in vitro, and its binding to SOX2 is abolished if Lys-42 is mutated. However, our transfection studies also provided evidence that L3MBTL3 may interact with the methylated Lys-117 in SOX2 weakly in vivo, as the K117R mutant also slightly reduced the interaction between L3MBTL3 and SOX2 in multiple transfection-based assays ( Fig. 4G and Fig. S1C ). It is possible that our failure to detect the weak interaction between recombinant L3MBTL3-3MBT and monomethylated Lys-117 peptide might be due to our stringent in vitro binding conditions (Fig. 4B) .
Our in vivo and in vitro binding analyses are consistent with our analysis of L3MBTL3 knockdown effects on the K42R and K117R mutants, which indicate that the K117R mutant still retains full response to L3MBTL3 deficiency, whereas the K42R mutant either completely or partially abolishes the rescuing effects of L3MBL3 knockdown to restore SOX2 levels in LSD1-deficient cells (Fig. 2D and Fig. S1B ). These studies indicate that L3MBTL3 preferentially regulates the Lys-42 methylation-dependent degradation of SOX2, although it also weakly binds the methylated Lys-117 and partially controls the methylated Lys-117-dependent SOX2 degradation. However, it is possible that additional ubiquitin ligases, such as WWP2, are involved to recognize and target the methylated Lys-117 in SOX2 for degradation (17) .
DCAF5 is required for the methylated SOX2 degradation
Because the methylated SOX2 protein is degraded by ubiquitin-dependent proteolysis (25), we also looked for potential ubiquitin E3 ligase that may function to target the methylated SOX2 protein for degradation. Our MS data and our independent immunocoprecipitation and Western blot analysis have shown that the CRL4 DCAF5 ubiquitin ligase complex, consisting of CUL4A or CUL4B and DDB1, and DCAF5 interact with the endogenous SOX2 protein in mouse ES and PA-1 cells (Fig. 1 (B and F-H), Fig. S1A , and Table 1 ). These studies suggest that CRL4 DCAF5 may be involved in the degradation of the methylated SOX2 protein in the mouse ES cells.
Because DCAF5 is a specific subunit of CRL4 ubiquitin ligase complex (29, 44, 45) , we tried to determine whether it is involved in SOX2 degradation on the ectopically and stably expressed FLAG-SOX2 protein in PA-1 cells (Fig. 5, A and B) . We found that knockdown of DCAF5 by two independent siRNAs led to the stabilization of the FLAG-SOX2 protein in LSD1-or PHF20L1-deficient cells (Fig. 5, A and B) . These studies indicated that DCAF5 is required for the protein stability of the methylated SOX2 protein. We also tested whether DCAF5 Methylated SOX2 is regulated by L3MBTL3 and CRL4 DCAF5 regulates endogenous SOX2 protein in mouse ES cells. Knockdown of DCAF5 with specific siRNAs repeatedly restored the SOX2 protein level and rescued the defects on self-renewal and pluripotency in LSD1 knockdown mouse ES cells (Fig. 5,  C and D) . In addition, loss of DCAF5 also reestablished the levels of SOX2 protein and the self-renewal of mouse ES cell colonies in PHF20L1 knockdown mouse ES cells (Fig. 5, C  and E) . These studies revealed that DCAF5 is involved in regulating SOX2 protein levels in LSD1-or PHF20L1-deficient mouse ES cells.
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Figure 4. L3MBTL3 preferentially binds to the methylated Lys-42 (K42) in SOX2.
A, two pairs of synthetic SOX2 peptides were immobilized onto SulfolinkSepharose through the cysteine residues at the ends of the peptides. One pair of SOX2 peptides contains the monomethylated Lys-42 (Kme1) or the cognate peptide with unmethylated Lys-42 (Kme0); another pair contains the monomethylated Lys-117 (Kme1) or cognate unmethylated Lys-117 (Kme0) as indicated. B, L3MBTL3 directly interacts with the monomethylated Lys-42 peptide. The K42me0, K42me1, K117me0, and K117me1 peptide resins were preincubated with 5 g of GST for 2 h to block the background. The resins were then incubated with 1.5 g of GST-L3MBTL3-3MBT recombinant protein for 4 h at 4°C and then washed. The GST-L3MBTL3-3MBT protein associated with various resins was separated in protein gel and visualized by Coomassie Blue staining. C, the K42me0 and K42me1 peptide resins were incubated with GST-L3MBTL3-3MBT recombinant protein as in B. The proteins associated with the resins were blotted with anti-L3MBTL3 antibodies. D, endogenous L3MBTL3 preferentially binds to the monomethylated Lys-42 peptide. The monomethylated (Kme1) or cognate unmethylated Lys-42 (Kme0) peptide resins were incubated with 250 g of PA-1 cell lysates for 4 h. L3MBTL3 binding to the peptide resins was analyzed by the anti-L3MBTL3 Western blotting. E, loss of L3MBTL3 caused the accumulation of methylated Lys-42 in SOX2. PA-1 cells were transfected with 50 nM luciferase (control) and L3MBTL3 siRNAs for 48 h. SOX2 were immunoprecipitated (IP) by SOX2 antibodies and Western blotted with affinity-purified anti-methylated Lys-42, anti-methylated Lys-117, and SOX2 antibodies. F, PA-1 cells were transfected with 50 nM luciferase (control) and SOX2 siRNAs for 48 h. SOX2 and Lys-42-methylated SOX2 protein were Western blotted with affinity-purified anti-methylated Lys-42 and SOX2 antibodies in cell lysates. G, GFP-tagged SOX2 (WT), K42R, and K117R mutant SOX2 expression constructs were transfected into 293 cells. The L3MBTL3 complexes were immunoprecipitated by anti-L3MBTL3 antibodies and Western blotted by anti-SOX2 antibodies. The proteins bands were quantified and normalized to the WT SOX2 band. The quantifications are represented by a bar graph with mean and S.D. (error bars) from replicated experiments. The p value of K117R or K42R bands to the WT SOX2 band was calculated by independent Student's t test (**, p Ͻ 0.01; ***, p Ͻ 0.001). Experiments were repeated with the same conclusion (see Fig. S1C ). A, PA-1 cells stably expressing FLAG-SOX2 were transfected with 50 nM luciferase (control) siRNA, LSD1 siRNA, LSD1 ϩ two independent DCAF5 siRNAs, and two independent DCAF5 siRNAs alone for 48 h. The FLAG-SOX2 and endogenous SOX2 proteins and the indicated proteins were analyzed by Western blotting. B, PA-1 cells stably expressing FLAG-SOX2 were transfected with 50 nM luciferase (control), PHF20L1, PHF20L1 ϩ DCAF5, and DCAF5 siRNAs for 48 h. The FLAG-SOX2 and endogenous SOX2 proteins and the indicated proteins were analyzed by Western blotting. C, mouse ES cells grown on mitotically inactivated mouse embryonic fibroblasts (MEF) were transfected with 50 nM siRNAs of luciferase, LSD1, LSD1 ϩ DCAF5, DCAF5, PHF20L1, and PHF20L1 ϩ DCAF5 for 48 h. Top panels, cells were examined, and cell images were acquired. Bottom panels, the mouse ES cells transfected with 50 nM siRNAs of luciferase, LSD1, LSD1 ϩ DCAF5, and DCAF5 were stained with AP, and cell images were acquired. D and E, the proteins in C were analyzed by Western blotting with anti-SOX2, LSD1, PHF20L1, DCAF5, and actin antibodies as indicated.
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To investigate whether DCAF5 is involved in the regulation of the methylated SOX2 proteolysis, we transfected and expressed FLAG-tagged DCAF5 protein in the presence or absence of SET7 to determine whether SET7 has any effects on the interaction between SOX2 and DCAF5 in PA-1 cells. We found that SET7 expression stimulated the interaction between SOX2 and DCAF5, suggesting that the interaction between these two proteins may be mediated through SET7-dependent methylation (Fig. 6A) . Consistent with our observation that DCAF5 regulates the stability of methylated SOX2 protein, our studies showed that whereas the transfected GFP-SOX2 (WT) interacts with DCAF5, the K42R mutant of SOX2 is defective to associate with DCAF5 (Fig. 6B) . Because L3MBTL3 is preferentially involved in regulating the protein stability of the methylated SOX2 protein, we examined whether L3MBTL3 interacts with DCAF5 to regulate the methylated SOX2 degradation. Our studies revealed that endogenous DCAF5 interacts with L3MBTL3 in mouse ES cells (Fig. 6C) . This is consistent with our previous studies indicating that L3MBLT3 recruits DCAF5 and its associated CRL4 core complex to the methylated lysine residues, such as the methylated Lys-142 in DNMT1, to target the methylated proteins for degradation (29) . However, whereas we found that L3MBTL3 interacts with DCAF5, SFMBT1, and CoREST, we could not detect significant interactions between DCAF5 and SFMBT1 or CoREST (Fig. 6C) . To determine whether L3MBTL3 recruits DCAF5 to interact with SOX2, we knocked down L3MBTL3 and found that loss of L3MBTL3 significantly reduced the interaction between SOX2 and DCAF5 (Fig. 6D) , indicating that L3MBTL3 is required for the interaction between DCAF5 and SOX2. In addition, we found that expression of L3MBTL3 and DCAF5 promoted the polyubiquitination of SOX2 protein, but not that of the K42R mutant SOX2 protein in vivo, in the presence of SET7 and other components of CRL4 core complexes (Fig. 6E) , indicating that L3MBTL3 cooperates with the CRL4 DCAF5 ubiquitin ligase complex to promote the polyubiquitination-dependent proteolysis of the methylated SOX2 protein.
Methylated Sox2 protein is a critical target of LSD1 in mouse ES cells
To examine how SOX2 is regulated in mouse ES cells, we used a retroviral vector (pMSCV-puro) to stably express the FLAG-tagged WT, K42R, K117R, and K42R/K117R SOX2 proteins in mouse ES cells after puromycin selection (Fig. 7A) (29) . Knockdown of LSD1 in mouse ES cells caused the down-regulation of FLAG-SOX2 (WT) and single K42R or K117R mutant proteins and loss of pluripotency of mouse ES cells by AP staining (Fig. 7, A and B) . However, the double K42R/K117R mutant SOX2 protein was relatively resistant to LSD1 knockdown, and the ES cells expressing the K42R/K117R mutant substantially retained their pluripotency and self-renewal after loss of LSD1 (Fig. 7, A and B) , indicating that the SOX2 protein methylated at both Lys-42 and Lys-117 is a critical target of LSD1 to maintain the self-renewal and pluripotency of mouse ES cells.
Retinoic acid-mediated differentiation induces the proteolysis of methylated Sox2 in mouse ES cells
When mouse ES cells are treated with retinoic acid (RA) and grown on the gelatin-coated culture dishes in the absence of leukemia-inhibitory factor (LIF), they rapidly undergo cellular Figure 6 . Regulation of methylated SOX2 protein by DCAF5. A, the interaction between SOX2 and DCAF5 is enhanced by SET7 expression. The FLAG-DCAF5-and SET7-expressing constructs were transfected into PA-1 cells for 48 h and treated with proteasome inhibitor MG132 (5 g/ml) for last 6 h, and interactions between SOX2 and FLAG-DCAF5 were analyzed by coimmunoprecipitation (IP) and Western blotting analyses. B, DCAF5 poorly binds to the K42R mutant of SOX2. GFP-tagged SOX2 (WT) and its K42R mutant expression constructs were transfected into 293 cells. The DCAF5 protein was immunoprecipitated and Western blotted by anti-SOX2 antibodies. C, L3MBTL3 and DCAF5 interact in mouse ES cells. Endogenous L3MBTL3, DCAF5, SFMBT1, and CoREST were immunoprecipitated from mouse ES cells, and their interactions were detected by Western blotting analyses using specific antibodies as indicated. D, the interaction between SOX2 and DCAF5 is reduced after loss of L3MBTL3. PA-1 cells stably expressing FLAG-DCAF5 were transfected with 50 nM luciferase and L3MBTL3 siRNAs for 48 h. The SOX2 complexes were immunoprecipitated by anti-SOX2 antibodies and Western blotted with anti-FLAG-DCAF5 and SOX2 antibodies. E, L3MBTL3 and CRL4 DCAF5 target SOX2 for polyubiquitination in vivo. Left, GFP-SOX2-expressing constructs were cotransfected into 293 cells together with vectors expressing HA-tagged ubiquitin (HA-ub), SET7, CUL4A, CUL4B, and DDB1, in the presence or absence of L3MBTL3-and DCAF5-expressing constructs as indicated. Proteins were immunoprecipitated with anti-HA antibodies and Western blotted (WB) with the anti-GFP-SOX2 antibodies as indicated. Right, the K42R SOX2 mutant abolishes the L3MBTL3-CRL4 DCAF5 -mediated SOX2 polyubiquitination in vivo; the same as the left panel except GFP-SOX2 (WT)-and K42R SOX2 mutant-expressing constructs were used. Methylated SOX2 is regulated by L3MBTL3 and CRL4 DCAF5 differentiation (46) . We found that RA-induced ES cell differentiation led to the rapid down-regulation of endogenous major stem cell proteins SOX2, OCT4, and NANOG within 2-3 days in mouse ES cells (Fig. 7C) . Importantly, we also found that RA induced the degradation of the ectopically expressed FLAG-SOX2 WT, K42R, or K117R single mutant protein (Fig.  7D) . However, the K42R/K117R double mutant of SOX2 protein was significantly more resistant to the RA-induced SOX2 degradation (Fig. 7D) . Our studies revealed that RA-induced mouse ES cell differentiation enhanced the degradation of SOX2 protein, which depends on the methylation of both Lys-42 and Lys-117 in SOX2 protein.
Discussion
We have recently reported that methylated SOX2 protein at either Lys-42 or Lys-117 is targeted for degradation in mouse ES cells (25) . Our current investigation indicates that the protein stability of the methylated SOX2 protein is regulated by the methylation-dependent CRL4 DCAF5 ubiquitin E3 ligase complex containing L3MBTL3 for ubiquitin-dependent proteolysis, as schematically illustrated in Fig. 8 . We found that L3MBTL3 preferentially recognizes the monomethylated Lys-42 in SOX2 to recruit the CRL4 DCAF5 ubiquitin E3 ligase complex to target SOX2 for ubiquitin-dependent degradation. Our evidence also suggests that L3MBTL3 may have relatively Figure 7 . Expression of the K42R/K117R Sox2 mutant partially suppresses the effects of LSD1 knockdown and retinoic acid-induced ES differentiation. A, the 3XFLAG-3XHA-tagged WT-SOX2 and K42R, K117R, and K42R/K117R mutant SOX2-expressing constructs (pMSCV-Puro) were stably expressed in mouse ES cells. The ES cells were transfected with 50 nM siRNAs of luciferase and LSD1 for 48 h, and LSD1 knockdown effects on ectopically expressed FLAG-SOX2 (WT), K42R, K117R, and K42R/K117R mutant proteins were analyzed by Western blotting. B, cells in 7A were stained with AP, and cell images were acquired. C, retinoic acid-mediated ES differentiation induces SOX2 protein degradation. Mouse ES cells were cultured on gelatincoated dishes at a density of 0.3 ϫ 10 6 cells/10-cm dish. Twenty-four hours after plating (day 0 time point). LIF was removed, and retinoic acid was added at a concentration of 5 M. Cells were collected daily for 6 days for analyzing SOX2, methylated SOX2, OCT4, NANOG, and actin proteins by Western blot analyses. D, mouse ES cells expressing FLAG-tagged WT SOX2 and the K42R, K117R, and K42R/K117R mutant SOX2 proteins were seeded on 0.1% gelatin-coated dishes in ES culture medium without LIF for 24 h. They were then treated with 5 M RA (day 0 time), and cells were harvested at various time points (in days) as indicated. The levels of FLAG-tagged Sox2 and endogenous SOX2, endogenous Lys-42-and Lys-117-methylated SOX2, OCT4, NANOG, and actin were analyzed by Western blotting with specific antibodies.
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weak affinity to the methylated Lys-117 in SOX2 to regulate SOX2 protein degradation (Figs. 2D and 4G and Fig. S1 (B and C)). Our current studies are consistent with our recent findings that L3MBTL3 and the CRL4 DCAF5 ubiquitin E3 ligase complex regulates the stability of the methylated DNMT1 and E2F1 proteins (29) . Taken together, our studies indicate that the function of L3MBTL3 and CRL4 DCAF5 ubiquitin E3 ligase complex is to regulate the protein degradation of a set of methylated nonhistone proteins, including the methylated SOX2, DNMT1, and E2F1 (29) . The different methylation motifs in these L3MBTL3-regulated proteins suggest that L3MBTL3 may tolerate substantial variation in the methylated lysine motifs (29) .
It is important to note that the human L3MBTL3 gene is mutated in medulloblastoma and is also implicated in pathological disorders, such as multiple sclerosis, insulin resistance, prostate cancer, and breast cancer (30, (32) (33) (34) (35) . The human DCAF5 gene is located in 14q24.1, the deletion of which is associated with various disorders, including breast cancer susceptibility, leukemia (including lymphoblastic and chronic lymphocytic leukemia), congenital heart defects, brachydactyly, and intellectual disability (47) (48) (49) (50) . Because SOX2 is a master stem cell protein in mouse and human ES cells, induced pluripotent stem cells, and many adult stem cells, and overexpression of SOX2 protein is associated with many different types of cancers (6, 51) , our studies suggest that the L3MBTL3-dependent CRL4 DCAF5 pathway may play an important role in controlling the stability of SOX2 protein in various embryonic stem cells, adult stem cells, and cancer cells. Further investigation of the function and regulation of the L3MBTL3-dependent CRL4 DCAF5 pathway in development and various human diseases, including cancers, is warranted.
Experimental procedures
Cell culture
Human ovarian carcinoma PA-1 and embryonic kidney 293 cells were purchased from American Type Cell Collection (ATCC). Mouse embryonic stem cells (CMTI-2, strain C57/ BL6J, passage 11) were obtained from Millipore-Sigma. PA-1 cells were cultured in minimum essential medium (MEM), and 293 cells were in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum and penicillin/streptomycin (25, 39) . Mouse embryonic stem cells were cultured on the mitomycin C-treated mouse fibroblast feeder layer in knockout DMEM and knockout serum replacement, supplemented with LIF, GlutaMax, ␤-mercaptoethanol, MEM nonessential amino acid solution, and penicillin/streptomycin (all from Life Technologies) (25) . All cells have been recently authenticated and tested based on protein markers such as SOX2 or Oct4 in mouse embryonic stem cells and PA-1 cells and p53 or p21 in 293 cells (39) . All cells were negative for the mycoplasma tests. Alkaline Phosphatase Staining kit II was purchased from Reprocell, and mouse ES cells were stained according to the manufacturer's protocol. For stable expression, human SOX2 and its mutant cDNAs were cloned into the retroviral pMSCV-3XFLAG-3XHA vector (Clontech) to construct the N-terminal tagged 3XFLAG-3XHA-SOX2 fusion proteins (25) . Transient transfection for recombinant viral packaging was conducted in 293 cells using the calcium phosphate method (29) . The recombinant viruses were collected from cell culture media of transfected cells and were used to infect PA-1 cells. Cells with stable expression of targeted proteins were selected by the puromycin resistance (25) . Expression of SOX2 protein was confirmed by Western blotting analyses. Lipofectamine 2000 was used for other transient expression constructs into 293 cells, such as the expression of the GFP-SOX2, DCAF5, and L3MBTL3 for in vivo polyubiquitination analyses (39) .
Antibodies and immunological analysis
Anti-LSD1 (A300-215A), L3MBTL3 (A302-852), SOX2 (SOX2 (A301-741A), SET7 (A301-747A), CoREST (A300-130A), SFMBT1 (A303-221A), CUL4A (A300-739A), CUL4B (A303-863A), and DDB1 (A300-462A) antibodies were purchased from Bethyl Laboratories; anti-PHF20L1 (HPA028417) was from Sigma; and anti-actin (sc-1616) antibodies were from Santa Cruz Biotechnology, Inc. The anti-monomethylated Lys-42 and monomethylated Lys-117 SOX2 peptide antibodies, anti-CUL4A, -CUL4B, -CUL1, -FLAG, -HA, and -GST antibodies were described before (25, 29) . A DCAF5 peptide (MKRRAGLGGSMRSVVGFLSQRGLHC) was synthesized at ABI Scientific. The peptides were used to raise rabbit polyclonal antibodies after coupling these peptides to keyhole limpet hemocyanin (25, 29) . For direct Western blotting, the cells were washed with PBS and directly lysed in the 2ϫ SDS sample buffer (4% SDS, 100 mM Tris, pH 6.8, and 20% glycerol) (25) . Protein concentrations were measured by the protein assay dye (BioRad) and equalized before the addition of 0.2% bromphenol blue and freshly added 10% ␤-mercaptoethanol and boiled for 15 min. Usually three replicate repeats of siRNA-based knockdown experiments were conducted to evaluate the effects on target proteins. Each set of protein samples in an siRNA-based knockdown experiment was normalized by total proteins to the luciferase siRNA control and further analyzed by Western blot analysis in three replicates to normalize protein levels to the protein-loading controls, such as actin, to evaluate knockdown efficiencies, effects on target proteins, and operational variables. DCAF5 ubiquitin E3 ligase complex. The SOX2 protein is methylated at Lys-42 (K42) and Lys-117 (K117) by SET7, and the methylated SOX2 is protected by LSD1, which removes the methyl group, and by PHF20L1, which binds to the methylated SOX2 at both Lys-42 and Lys-117. L3MBTL3 preferentially binds to the methylated Lys-42 and weakly interacts with methylated Lys-117 in SOX2. The binding of L3MBTL3 leads to the recruitment of the CRL4 DCAF5 ubiquitin E3 ligase complex to target SOX2 protein for ubiquitindependent proteolysis.
Methylated SOX2 is regulated by L3MBTL3 and CRL4
DCAF5
Methylated peptide binding assays
The monomethylated Lys-42 (CAGGNQKNSPDRVK-(me1)RPMNAFMVWSR) and cognate unmethylated peptides and the monomethylated Lys-117 (PDYKYRPRRKTK(me1)T-LMKKDKYC) and cognate unmethylated peptides of SOX2 were synthesized at ABI Scientific. They were covalently coupled to the Sulfolink-coupled resins (Thermo Fisher Scientific) through the disulfide bond between the C-terminal cysteine of the peptides and the resins (25) . The GST was fused in frame to the N terminus of the full-length L3MBTL3 in pGEXKG, and the recombinant GST fusion proteins were expressed in Escherichia coli and purified by GSH-Sepharose (GE Healthcare) (25) . For peptide-binding assays, 25-30 l of peptide-coupled resins were prewashed with the binding buffer (0.1% NP-40, 50 mM Tris-Cl, pH 7.5, 150 mM NaCl), and the resins were preblocked with 5 g of GST protein at room temperature for 2 h. The peptide-coupled resins were then incubated with 1.5 g each of GST or the indicated GST fusion proteins in the binding buffer overnight at 4°C (25, 29) . The beads were extensively washed (4 -5 times) with PBS, and the proteins associated with the resins were analyzed by Western blotting with anti-GST antibodies (25, 29) . In the case of cell lysates as the source of endogenous L3MBTL3, PA-1 cells were lysed with the NP-40 -containing lysis buffer, nuclear fractions were cleared, and 250 -500 g of soluble cell lysate proteins were used for each peptide resin-binding assay (25) .
Retinoic acid-induced differentiation of mouse embryonic stem cells
Mouse embryonic stem cells (CMTI-2, passage 14) were cultured on 0.1% gelatin-coated culture dishes in knockout DMEM and Knockout Serum Replacement, supplemented with 10 3 units of LIF, GlutaMax, ␤-mercaptoethanol, MEM nonessential amino acid solution, and penicillin/streptomycin (25) . For differentiation assays (46) , cells were plated at a density of 0.3 ϫ 10 6 cells/10-cm dish. Twenty-four hours after plating (day 0 time point), LIF was removed, and RA (Sigma) was added at a concentration of 5 M. Cell samples were collected daily for 6 days for protein analysis.
Immunoaffinity purification and MS analysis
Cell lysates from 50 dishes (150 mm ϫ 25 mm) of PA-1 cells stably expressing the 3XFLAG-and 3XHA-SOX2 were employed for immunoaffinity purification using 1 ml of the anti-FLAG M2 affinity gel (Sigma, A2220) (29) . The proteins in the 3XFLAG-3XHA-SOX2 immunocomplexes were eluted by incubating with 3XFLAG peptide (Sigma). The eluted complexes were loaded onto 0.5 ml of anti-HA antibody-agarose, and bound proteins were eluted with an SDS-containing buffer. The proteins were separated on an SDS-polyacrylamide gel, and protein bands were excised and trypsinized. Tryptic peptides derived from each gel slice were separated by an on-line C18 (New Objective, IntegraFrit TM column, ProteoPep TM C18) nano-flow reversed-phase LC (Easy nano-LC) connected to an LTQ Orbitrap XL mass spectrometer (Thermo Scientific). The LC eluent was directly nanosprayed into the LTQ Orbitrap XL mass spectrometer as described previously (29) .
Transfection, siRNAs, and oligonucleotides
DharmaFECT 1 transfection reagent (Dharmacon) was used for transfection of siRNAs into PA-1 and mouse embryonic stem cells (25) . Oligofectamine (Life Technologies) was used for transfection of siRNAs into PA-1 or 293 cells for siRNA-mediated knockdown analysis (25, 29) . Typically, a 50 nM concentration of each siRNA or their combinations were transfected into target cells for 48 h, and cells were directly lysed in the SDS or NP-40 lysis buffers (25) . The knockdown effects were examined by Western blotting with specific antibodies. For verification of the effects of new proteins, usually two or three independent siRNAs were designed to examine the knockdown efficiency and the consequences of knockdown on target proteins. The siRNAs for humans are as follows: LSD1 (also mouse), GGAAGAAGAUAGUGAAAAC; PHF20L1, TGGGGT-TGATGGTGCTGAA; DCAF5-1, GCUGCAGAAACCUCUA-CAA; DCAF5-2, ATCACCAACTTCTGACATA; L3MBTL3-1, GATGCAGATTCTCCTGATA; L3MBTL3-2, GGTACCAACT-GCTCAAGAA; mouse L3MBTL3, GCTGAGGTTTGTGGAT-ATA; mouse DCAF5, GGATGTGTTTGCTCATGAA; mouse PHF20L1, UCCAGCUUCAGGGAAUAAA; human and mouse SOX2, CGCUCAUGAAGAAGGAUAA. All siRNAs were synthesized from GE Dharmacon.
Statistical information
Experiments were usually performed with at least three independent repeats (biological replicates) to ensure the results. Statistical plot analyses were performed using Microsoft Excel. Protein bands were quantified using ImageJ. To quantify protein loading in each Western blot analysis of a set of protein samples, the same protein samples were analyzed with three repeated loading experiments (technical replicates). For cell-based assays, triplicated repeats in the same set of cells (technical replicates) were measured, and the experiments were usually repeated three times independently with independently cultured cells (biological replicates). Quantitative data are expressed by bar graphs, with mean and S.D. (error bars) from independent replicates. For siRNA-mediated knockdown experiments, statistically significant differences or variations between means of double and single knockdowns were normalized to the luciferase siRNA control and compared using a two-tailed paired Student's t test. The data in all figures met the assumption of normal distribution for tests. Different data sets were considered to be statistically significant when the p value was Ͻ0.05 (*), 0.01 (**), or 0.001 (***) (29) .
